High-throughput small RNA sequencing has identified several potential aluminum (Al)-responsive microRNAs (miRNAs); however, their regulatory role remains unknown. Here, we identified two miR393 family members in barley, and confirmed two target genes-HvTIR1 and HvAFBthrough a modified form of 5 0 -RACE (rapid amplification of cDNA ends) as well as degradome data analysis. Furthermore, we investigated the biological function of the miR393/target module in root development and its Al stress response. The investigation showed that miR393 affected root growth and adventitious root number by altering auxin sensitivity. Al 3+ exposure suppressed miR393 expression in root apex, while overexpression of miR393 counteracted Al-induced inhibition of root elongation and alleviated reactive oxygen species (ROS)-induced cell death. Target mimic (MIM393)-mediated inhibition of miR393's activity enhanced root sensitivity to Al toxicity. We also confirmed that auxin enhanced Al-induced root growth inhibition in barley via application of exogenous 1-naphthaleneacetic acid (NAA), and the expression of auxin-responsive genes in the root apex was induced upon Al treatment. Overexpression of miR393 attenuated the effect of exogenous NAA on Al-induced root growth inhibition, and down-regulated the expression of auxinresponsive genes under Al stress, implying that miR393 regulates root sensitivity to Al through the alteration of auxin signaling output in barley. Therefore, these data indicate that miR393 acts as an integrator of environmental cues in auxin signaling, and suggest a new strategy to improve plant resistance to Al toxicity.
Introduction microRNAs (miRNAs) are a class of regulatory RNAs of approximately 21 nucleotides (nt) that post-transcriptionally regulate gene expression by directing mRNA cleavage or translational inhibition (Meyers et al. 2008) . So far, several miRNA families have been confirmed to play key roles in plant root development and its response to environmental stress (Guo et al. 2005 , Wang et al. 2005 , Sohn et al. 2009 , Carlsbecker et al. 2010 , Marin et al. 2010 , Yoon et al. 2010 , Bao et al. 2014 , most of which are associated with the auxin signaling pathway.
miR393 is a conserved miRNA family discovered in many plants, which targets four F-box genes in Arabidopsis (JonesRhoades and Bartel 2004, Navarro et al. 2006 , Parry et al. 2009 ), and two genes, OsTIR1 and OsAFB2, in rice , Xia et al. 2012 . As a component of the Skp1-Cullin1-F-box protein (SCF) ubiquitin ligase complexes, the transport inhibitor response protein (TIR1)/auxin-signaling Fbox proteins (AFBs) constitute a small subset of F-box-containing auxin receptors, and regulate auxin signaling via release of the auxin response factors (ARFs) from Aux/IAA-mediated heterodimerization (Ruegger et al. 1998 , Dharmasiri et al. 2005 , Kepinski and Leyser 2005 . miR393 is now regarded as an important regulator of auxin signaling (Iglesias et al. 2014) , and affects various processes including leaf and root development (Parry et al. 2009 , Si-Ammour et al. 2011 , Bian et al. 2012 ) and plant response to biotic stress (Navarro et al. 2006 , Robert-Seilaniantz et al. 2011 , Etemadi et al. 2014 , Wong et al. 2014 ). In addition, miR393 in Arabidopsis was reported to control root system architecture in response to nitrate availability and salinity stress (Vidal et al. 2010 , Iglesias et al. 2014 , Chen et al. 2015 . Together, these data demonstrated that miR393-mediated gene regulation appears to provide an attractive mechanism for interpreting environmental signals through auxin signaling, which might be required for root growth regulation in response to stress.
Aluminum (Al) toxicity in acid soils is a major constraint for crop production worldwide as approximately 50% of the world's potentially arable soil is acidic (Kochian et al. 2004) . The root apex is the major target site of Al toxicity (Ryan and Kochian 1993) . Previous research revealed that root elongation inhibition can be observed shortly after Al exposure; in soybean (Glycine max), 75 mM Al 3+ reduced root growth after only 5 min (Kopittke et al. 2015) . The distal part of the root apex transition zone (TZ), located between the apical meristem and the basal elongation region, was shown to be the most Al-sensitive part of the root in Zea mays L. (Sivaguru and Horst 1998) , Phaseolus vulgaris L. (Rangel et al. 2007 ), Sorghum Moench (Mayandi et al. 2013) and Arabidopsis thaliana (Otzen et al. 2006) .
Phytohormone signaling is a crucial regulator for root growth under Al stress (Overvoorde et al. 2010 , Petricka et al. 2012 . Several studies have illustrated that auxin, in conjunction with ethylene, is involved in the regulation of Al-induced inhibition of root growth (Pei et al. 2009 , Zhu et al. 2013 , Kopittke et al. 2015 . Al 3+ stimulates the activity of an auxin response reporter (DR5::GUS or DR5::GFP), especially in the root apex TZ (Pei et al. 2009 . In soybean root, Al 3+ promotes the biosynthesis and distribution of auxin and ethylene, leading to a transient decrease in the rate of cell elongation approximately 1.5-5 h after Al 3+ exposure (Kopittke et al. 2015) . Yang et al. (2014) found that Al-induced localized enhancement of auxin signaling in the root apex TZ is dependent on TAA1, which encodes a tryptophan aminotransferase and regulates auxin biosynthesis. On the other hand, deficiency in auxin polar transport (such as in aux1-7 and pin2 mutants) and treatment with the auxin polar transporter inhibitor naphthylphthalamic acid (NPA) substantially alleviate the Alinduced inhibition of root elongation, suggesting that auxin polar transport, together with auxin biosynthesis, contributes to the alteration of auxin distribution in response to Al stress (Pei et al. 2009 ). Evidence from rice further showed that overexpression of OsPIN2 can not only enhance the backward (towards the root base) auxin transport, but also alleviate Alinduced cell rigidity in root apices by decreasing the binding of Al to the cell wall and Al-induced oxidative cellular damage . Furthermore, a recent study reported that, in the Arabidopsis mutant yucca, overproduction of auxin causes a substantial reduction in cell wall Al and an increase in symplastic Al content, indicating that auxin may regulate Al distribution in root cells as well (Zhu et al. 2013) .
High-throughput small RNA sequencing analysis in Glycine soja, Medicago truncatula and Z. mays identified several potential Al-responsive miRNAs, some of which seem to target genes related to auxin signaling (Chen et al. 2012 , Kong et al. 2014 . However, the potential role of miRNA/target modules in response to toxic Al remains largely unclear. Barley (Hordeum vulgare) ranks the fourth among the most important cereal crops for human food and animal feed, and is one of the most Al-sensitive species among the small grain cereals. In this study, we identified miR393 and its target genes HvTIR1 and HvAFB, two of the closest orthologs of OsTIR1 and AtAFB2 in barley, and investigated the regulatory role of the miR393/ target module in root development and its response to Al toxicity.
Results

Identification of miR393 and its targets in barley
As a conserved miRNA family, miR393s are present in all angiosperm lineages (Cuperus et al. 2011) . Several putative miR393 members in barley were found in the current study through the alignment to known miR393 sequences in miRBase. However, only two of them are predicted to be derived from precursors with hairpin structures. Thus we named them HvmiR393a and HvmiR393b (Fig. 1A) , and designated the genes encoding these two miRNAs as HvMIR393a and HvMIR393b, respectively. miR393a and miR393b (both 21 nt) have only slight sequence variance, with a 1 nt downstream shift in the annotated start sites. We aligned the HvmiR393s to other miR393 members in 25 species previously registered in miRBase ( Supplementary  Fig. S1 ). The sequence of HvmiR393a is similar to that in Aegilops tauschii, while that of HvmiR393b is similar to those in rice, soybean and Medicago. Overall these two miR393 members have <2 nt difference from those in other species, indicating that miR393 is widely conserved in Angiosperm plants.
The putative targets of HvmiR393 were predicted using the web-based psRNA target Server. Four genes in barley have been identified as potential target genes using a mismatch score of 4.0 (Supplementary Table S1 ). To examine further the cleavage sites in target transcripts, we conducted 5 0 -rapid amplification of cDMA ends (RACE) using RNA extracted from leaves of the 1-week-old wild type. Two major cleavage products from transcripts of MLOC_56088 and MLOC_9864 have been detected after nested PCR and gel electrophoresis. Sequencing of 5 0 -RACE clones revealed one and two cleavage sites in transcripts of MLOC_9864 and MLOC_56088, respectively (Fig. 1B) . These data are in agreement with our analysis of previous reported degradome sequencing data (Supplementary Table S2 ) (Curaba et al. 2012) .
We then blasted the proteins encoded by two target genes to all the known TIR1/AFB family members. Phylogenetic studies showed that MLOC_56088-and MLOC_9864-encoding proteins are likely to be orthologous to Arabidopsis AFB2 and rice TIR1, respectively ( Supplementary Fig. S2 ); thus, we named MLOC_56088 and MLOC_9864 as HvAFB and HvTIR1, respectively. In order to determine the subcellular localization of HvTIR1 and HvAFB proteins, we generated constructs in which green fluorescent protein (GFP) was fused to the C-terminus of each protein and introduced these constructs into barley protoplasts. Both HvAFB and HvTIR1 were found to be mainly localized in the nucleus ( Supplementary Fig. S3 ), though a faint signal of the GFP fusion protein in the cytoplasm was also observed in TIR1-GFP cells, which is consistent with previous studies in Arabidopsis and rice (Dharmasiri et al. 2005 , Bian et al. 2012 .
To characterize the expression pattern of miR393, Northern blot analysis was performed to detect the miR393 level in seedlings at the one-leaf (3 days after germination, DAG) and twoleaf stages (10 DAG). miR393 exhibited a specific tempero-spatial expression pattern during development. As is shown in Fig. 1C , the expression level of miR393 gradually increased in the early period of development. The level of miR393 was found to be higher in the aerial than in the underground organs. Interestingly, we found that, compared with other parts of the imbibed seed, HvmiR393 showed a strong accumulation in the coleoptile (C), which is a crucial auxin biosynthesis organ.
miR393 negatively regulates target genes in transgenic plants
To investigate further the biological function of miR393 in barley development, we generated transgenic barley plants expressing the stem-loop precursors of OsmiR393b under a Cauliflower mosaic virus (CaMV) 35S promoter (35S::MIR393b). Meanwhile, the artificial miRNA target mimics strategy was used to generate miR393 knockdown transgenic plants (35S::MIM393). A total of seven transformants (T 0 ) were generated through Agrobacterium-mediated transformation, i.e. three for 35S::MIR393b and four for the 35S::MIM393 construct. T 1 plants of 35S::MIR393b#1, #2 and #6, and 35S::MIM393#1, #3 and #5 were chosen for further analysis. Compared with the wild-type plant, miR393 accumulation showed a >3-fold increase in transgenic lines 35S::MIR393b #1 and #2, but strongly decreased in 35S::MIM393#3 and #5 ( Fig.  2A) . Then, we measured relative expression levels of two targets in these transgenic lines. Overexpression of miR393 resulted in a significant decrease of HvTIR1 and HvAFB transcript levels, while the target mimic of miR393 only dramatically increased the level of HvAFB, but not that of HvTIR1 (Fig. 2B) . Though we used a heterologous miR393 precursor to overexpress miR393 in barley, a transient transformation experiment using barley protoplast verified that both constructs of 35S::HvmiR393b and 35S::OsMIR393b can effectively increase the level of mature miR393 (Fig. 2C ) and therefore reduce the expression level of target genes HvTIR1 and HvAFB (Fig. 2D, E) . miR393 affects root development in barley through alteration of auxin sensitivity
The miR393-misexpressing plants displayed pleiotropic phenotypes in the period of seedling development. 35S::MIR393b#1 and #2 seedlings had significantly longer primary roots than the wild-type control after growing in 0.1 mM CaCl 2 solution (pH 5.8) for from 5 to 7 d. In contrast, delayed germination and a lower root elongation rate were observed for these seedlings in the first 3 DAG when compared with the wild type (Fig. 3A, B) . The number of adventitious roots was reduced in 5-day-old 35S::MIR393b#1 transgenic seedlings compared with the wild type ( Supplementary Fig. S4 ). Moreover, 35S::MIM393#5 showed an opposite phenotype with shorter primary roots and increased adventitious root number, indicating that these phenotypes are associated with an altered miR393 level.
Since miR393 targets putative auxin receptors, we examined the effect of miR393 expression variation on auxin response in barley. Wild-type and miR393-misexpressing transgenic seedlings were grown in 0.1 mM CaCl 2 solution (pH 5.8) with or without 2,4-D after germination. After 1 week of growth, both wild-type and MIM393#5 seedlings displayed dramatic inhibition of primary root elongation, while 35S::MIR393b#1 showed reduced inhibition of primary root growth compared with the wild type. As for 35S::MIM393#5, relative root elongation was only significantly lower than that of the wild type under 500 nM 2,4-D (Fig. 3C, D) . These results indicate that miR393 acts as a negative regulator for auxin sensitivity in barley.
Overexpression of miR393 enhances Al resistance in barley root
It is well known that root growth of plants can be affected by various abiotic stresses including Al toxicity, and the root apex is a crucial site of perception and response of Al toxicity. To investigate the effect of miR393 on Al-induced inhibition of root growth, 3-day-old seedlings of wild-type, 35S::MIR393b#1, #2, #6 and 35S::MIM393#1, #3, #5 transgenic plants were transferred to 0.1 mM CaCl 2 solution (pH 4.3) with or without 10 mM AlCl 3 . The relative elongation of primary root was measured after 3 d of treatment. This showed that overexpression of miR393 greatly alleviated Al-induced inhibition of root growth, while overexpression of MIM393 enhanced root growth sensitivity to Al (Fig. 4A, B) .
We then used Evans blue staining to assess the cell integrity of the root tips under AlCl 3 treatment. As shown in Fig. 4C and D, Evans blue accumulated at a higher level in 35S::MIM393#5, suggesting that Al-induced cell death was more severe in MIM393 than in the wild type. As for 35S::MIR393b#1, Alinduced cell death in the root tip was greatly alleviated compared with that in the wild type.
The accumulation of reactive oxygen species (ROS) under Al stress is a common phenomenon, which causes oxidative damage in plant cells. The root tips of seedlings were stained with diaminobenzine (DAB), which can be used to visualize the production of H 2 O 2 . DAB staining was observed only in the apical meristem and TZ of barley roots under control conditions. After exposure to Al, the DAB staining became stronger (C-E) Regulation of HvTIR1 and HvAFB by HvmiR393b and OsmiR393b was confirmed using a barley protoplast transient system. PEG-mediated transfection was carried out using plasmids containing the respective miRNA precursors, OsMIR393b or HvMIR393b. Relative expression levels of mature miR393 (C), HvAFB (D) and HvTIR1 (E) in barley protoplasts were detected 16 h post-transfection. The construct 35S::GFP was co-transfected and used as the internal control. The data shown are means ± SD of three biological replicates. Asterisks show a significant difference (ANOVA; *P < 0.05; **P < 0.01) from the miR393 (-) vector (for C-E).
and spread to the elongation zone (EZ) in the root of the wild type and 35S::MIM393#5, while no obvious change was observed in 35S::MIR393b#1 (Fig. 4E) . Quantification of H 2 O 2 also indicated that overexpression of miR393 decreased the oxidative damage caused by Al stress (Fig. 4F) . Together, these data imply that plants overexpressing miR393 were more resistant to Al treatment, while overexpression of MIM393 enhanced sensitivity to Al.
Auxin enhances plant root growth inhibition induced by Al in barley
To confirm the role of auxin in root growth inhibition under Al stress, further experiments were performed via Al treatment with or without auxin supply. The presence of 3 mM exogenous 1-naphthaleneacetic acid (NAA) only slightly inhibited root growth. However, when the roots were exposed to 10 mM Al 3+ simultaneously, NAA greatly enhanced the extent of Alinduced root elongation inhibition (Fig. 5A, B) , suggesting that manipulating the auxin level affects Al-induced root elongation inhibition.
Since miR393 targets auxin receptor genes, we examined the effect of Al toxicity on the auxin signaling pathway. The expression of auxin signaling-related genes in response to Al 3+ treatment was detected through quantitiative reverse transcription-PCR (qRT-PCR). It showed that 12 h Al 3+ treatment significantly induced the expression of four selected genes by at least 2-fold in the root apex of the wild type, including the SAUR (MLOC_62887), AUX/IAA (MLOC_14320) and GH3 (U21_24482, U21_47078) gene family (Fig. 5C) . The expression levels of ARF gene family members, which are a class of transcription factors involved in auxin signaling pathway downstream of TIR1/AFB genes, were also monitored after Al treatment. The transcripts of three ARF members (MLOC_64798, MLOC_77438 and MLOC_73144) were upregulated by >2-fold in the root tip under Al treatment compared with its corresponding control (Fig. 5C ). These data reveal that the Al 3+ -induced inhibition of root growth might be attributed to promotion of auxin signaling in the root.
We simultaneously detected the expression of the IAA biosynthesis-related genes HvTAA1 and HvYUC. Putative YUC-like genes, such as U21_26318 and U21_44297, were significantly up-regulated by Al treatment (Fig. 5D) , suggesting that enhancement of auxin biosynthesis might also contribute to inhibition of root growth under Al stress in barley.
The effect of auxin on Al-induced root elongation was altered in miR393 and MIM393 overexpression lines
We next observed the effect of NAA on Al-induced root elongation inhibition in wild-type and miR393 transgenic lines. It showed that the effect of a-NAA weakened in miR393 overexpression line, and became stronger in the MIM393 line (Fig. 6A, B) . When a-NAA was displaced by b-NAA (an inactive form of a-NAA), the enhancement of NAA on root elongation inhibition was eliminated, and this further indicated that the promotion by auxin of Al-induced root growth inhibition can be regulated by the miR393 level.
We then measured the expression of auxin-responsive genes in wild-type, 35S::MIR393b and 35S::MIM393 lines. Compared with the wild-type control, most of the genes we tested exhibited decreased levels in 35S::MIR393b#1 either exposed or not to Al for 12 h. These genes included three putative ARF genes (MLOC_64798, MLOC_73144 and MLOC_77438) and three early auxin-responsive genes, SAUR (MLOC_62887), GH3.1 (U21_28604) and GH3.3 (U21_24482) (Fig. 6C) . In 35S::MIM393#5, GH3.1 (U21_28604), GH3.4 (MLOC_43798) and ARF (MLOC_51932) displayed elevated expression under both control and Al treatment conditions, when compared with the wild-type control. This indicates that miR393 regulates Al-induced root elongation inhibition through the auxin signaling pathway.
Al stress represses miR393 expression in root tip
Al stress up-regulates auxin response by modulation of genes in the auxin signaling pathway, which prompted us to investigate whether miR393 plays an important role in it. We examined the expression levels of HvmiR393, HvTIR1 and HvAFB using root tip samples (0-5 mm from the apex). After 24 h exposure to 50 mM AlCl 3 , the expression level of HvmiR393 decreased to approximately 29.97% of the control value in the root tip. On the other hand, the transcripts of target genes including HvAFB and HvTIR1 increased significantly compared with the control root tip (Fig. 7A) . We subsequently detected the miR393 level after Al treatment using different barley genotypes including Schooner, Clipper and one Al-tolerant cultivar Dayton. We showed that the expression level of miR393 decreased significantly in all these cultivars tested (Fig. 7B) . However, no positive or negative correlation was found between the miR393 expression level and Al sensitivity of the cultivar.
In order to analyze the spatial expression pattern of MIR393 in detail, we used a rice transgenic line containing a proMIR393a::GUS (b-glucuronidase) construct. proMIR393a::GUS signal was strong in vascular bundles of roots, and mainly accumulated in the EZ when seedlings were grown in 0.1% mM CaCl 2 solution (pH 4.3) without Al, and remarkably decreased after 24 h of exposure to toxic Al (Fig. 7C) . Moreover, an auxin-responsive reporter construct proDR5::GUS was used to observe the effect of Al treatment on the distribution of the auxin response. The proDR5::GUS signals dramatically increased in the presence of 50 mM AlCl 3 , especially from the root tip to the EZ (Fig. 7C) , indicating that the repression of miR393 is in agreement with the enhancement of auxin response upon Al treatment. . Four-day-old seedlings were exposed to AlCl 3 (0 or 50 mM, pH 4.3) for 12 h. Bars represent the mean ± SD (n = 3). The asterisks show significant differences from control. *P < 0.05; **P < 0.01; ***P < 0.001 (Student's t test).
Misexpression of miR393 affects Al accumulation in barley root
To understand how miR393 affects Al sensitivity in transgenic plants, Al accumulation in the root tip after exposure to Al 3+ was detected through morin staining. A faint intensity of morin staining (which stains Al) was observed when these plants were grown in 0.1 mM CaCl 2 in the absence of Al 3+ . After 6 h exposure to 100 mM Al 3+ , the wild type, 35S::MIR393b#1 and 35S::MIM393#5 displayed increased fluorescence signals in the root apex (Fig. 8A) . Since morin can only detect Al in the cytosol, we measured the total Al content in roots of seedlings exposed to 10 mM Al 3+ for 72 h. Similarly, 35S::MIR393b#1 accumulated less Al in root than the wild type, while 35S::MIM393#5 accumulated more Al (Fig. 8B) , suggesting that elevated Al resistance in the miR393-overexpressing line might be due to the lower Al accumulation in root cells.
A mechanism of Al tolerance discovered in barley involves the release of organic anions from root apices (Mayandi et al. 2013) . We further tested whether miR393-induced auxin response regulation influences the known organic acid effluxassociated genes including HvALMT (aluminum-activated Fig. 6 The effect of exogenous NAA on Al-induced root elongation was altered in miR393 and MIM393 overexpression lines. Root phenotypes (A) and relative root elongation rate of the wild type (WT), 35S::MIR393b#1 and 35S::MIM393#5 after a 3 d exposure to 3 mM a-NAA (or b-NAA) plus 10 mM AlCl 3 . Scale bar = 1 cm. (B) The relative root elongation rate of a non-Al-and non-NAA-treated sample in each genotype was set as 100%; n = 20. Different letters represent significantly different values at P < 0.05 (Duncan's multiple range test) in each genotype. (C) Al-induced differential expression of auxin-related genes in miR393 and MIM393 overexpression transgenic lines. Four-day-old seedlings of each line were exposed to AlCl 3 (0 or 10 mM) for 12 h. The non-treated (0 mM AlCl 3 ) wild type was used as the control. Bars represent the mean ± SD (n = 3). Different letters represent significantly different values at P < 0.05 (Duncan's multiple range test). malate transporter, U21_43467) that controls malate efflux, and HvAACT1 (Al-activated citrate transporter 1, U21_23291) that controls citrate efflux (Gruber et al. 2011 , Fujii et al. 2012 . We showed that the expression of both genes was elevated after treatment with Al 3+ compared with its corresponding control. Overexpression of miR393 caused a down-regulation of HvALMT1 and HvAACT1 in response to Al treatment, while overexpression of MIM393 slightly decreased the transcript levels of these two genes ( Fig. 8C; Supplementary Fig. S5 ). Moreover, overexpression of miR393 did not alter citrate exudation in the root apex (Fig. 8D) . Therefore, the reduction of Al accumulation in the miR393 overexpression line cannot be explained by a greater organic acid anion exudation.
Discussion
In the study herein, we identified two miR393 members and their target genes HvTIR1/AFB (MLOC_9864 and MLOC_56088) in barley (Fig. 1) . The proteins encoded by these two targets are probably orthologous to auxin receptor TIR1/AFB family members according to phylogenetic analysis ( Supplementary Fig. S2 ). C-terminally GFP-tagged HvTIR1 and HvAFB proteins are localized to the nucleus in barley protoplasts ( Supplementary Fig. S3 ), which is just like the reported TIR1/AFB proteins in Arabidopsis and rice (Dharmasiri et al. 2005 , Bian et al. 2012 ). These data demonstrate that miR393-TIR1/AFB is a highly conserved auxin signaling-related regulatory module across land plants.
Acting as a negative regulator for auxin receptor TIR1/AFBs, which are important components in the auxin signaling pathway, miR393 has been found to be involved in various auxinrelated development processes and plant stress responses. Among them, the function of miR393 in root development has been studied extensively. We showed that overexpression of miR393 in barley promoted primary root elongation, whereas inhibition of miR393's activity resulted in the opposite effect (Fig. 3) . This can be explained partly by the alteration of the root EZ in these transgenic lines. Overexpression of MIR393b led to increased EZ length and cell number ( Supplementary   Fig. 7 Expression patterns of MIR393a and DR5 in response to Al treatment. (A) Relative expression levels of miR393, HvAFB and HvTIR1 in 2-day-old wild-type Golden Promise root exposed for 24 h to 0 or 50 mM AlCl 3 . Asterisks denote significant differences from the control plants (P < 0.01, Student's t-test). (B) Relative expression levels of miR393 in the root tip of 2-day-old Golden Promise (GP), Schooner, Dayton and Clipper seedlings exposed to 0, 10 or 50 mM AlCl 3 (pH 4.3) for 24 h. The expression level in the control (0 mM AlCl 3 ) of each genotype was set as 1.0. Error bars represent the SD from three independent experiments. (C) GUS staining in the roots of proMIR393a::GUS and proDR5::GUS transgenic rice exposed to 0 or 50 M Al 3+ for 24 h. The arrows indicate the base of the primary root. Fig. S6 ), indicating that miR393 might regulate root growth via modulation of cell elongation and cell proliferation in the EZ. We also found that miR393 affects primary root growth in response to exogenous 2,4-D. The 35S::MIR393 line was more auxin resistant, while the MIM393 line displayed enhanced auxin sensitivity (Fig. 3) . These results were consistent with the previous reports in Arabidopsis and rice (Parry et al. 2009 , Bian et al. 2012 , suggesting that the root phenotypes in transgenic lines arise from the alteration of auxin sensitivity. qRT-PCR detection of auxin-related genes further indicated that miR393 affected the expression of four putative ARF genes and four early auxin-responsive genes in miR393 misexpression lines, in comparison with the wild-type control (Fig. 6C) , implying that miR393 has a major influence on auxin homeostasis in barley.
Apart from a regulatory role in normal development, miR393 is also reported to be correlated with the response of root to various environmental stimuli. miR393/AFB3 has been proposed as a unique N-responsive module that controls root system architecture in response to external and internal N availability in Arabidopsis. Both primary and lateral root growth responses to nitrate are altered in miR393 overexpressors and the afb3 mutant (Vidal et al. 2010) . In another study, miR393 was found to be induced by NaCl treatment by enhancing the transcription of AtMIR393a, along with a concomitant reduction in the levels of TIR1 and AFB2. The mir393ab mutant shows reduced inhibition of emergence and mature lateral root number and length upon NaCl treatment, indicating that miR393 is likely to be involved in regulation of root growth during salinity through down-regulation of auxin signaling (Iglesias et al. 2014) .
Here, we showed that 24 h exposure to AlCl 3 down-regulated miR393 accumulation, and elevated the transcript levels of HvAFB and HvTIR1 in root apex in barley (Fig. 7A) . Besides . About 15 seedlings were exposed to 0.1 mM CaCl 2 solution with 100 mM AlCl 3 (pH 4.3) for 6 h. Roots were stained with morin, and fluorescence was observed. Scale bar = 100 mm. (B) Total Al content in root tips after a 72 h exposure to 0 or 10 mM AlCl 3 . Asterisks indicate significant difference compared with their corresponding control. *P < 0.05, **P < 0.01 (Student's t-test). (C) qRT-PCR detection of HvAACT1 and HvALMT in root samples after 50 mM AlCl 3 treatment for 24 h. Error bars represent the SD from three independent experiments. The expression levels of genes in the wild type (-Al) and the wild type (+Al) were set as 1.0 for HvAACT1 and HvALMT, respectively. HvACTIN was used as internal control. Means with different letters are significantly different (P < 0.05 by Tukey test). (D) Citrate efflux from wild-type and transgenic barley overexpressing miR393 and MIM393. Seven-day-old seedlings were exposed to 50 mM AlCl 3 (pH 4.3) for 48 h.
Golden Promise, the repression of miR393 level in response to Al has also been observed in three other barley cultivars, suggesting that it might be a general regulation mechanism (Fig.  7B) . Using a rice miR393 promoter reporter line and auxinresponsive reporter construct proDR5::GUS, we observed that down-regulation of the OsMIR393a transcription was accompanied by the increase of proDR5::GUS signals (Fig. 7C) , indicating that the suppression of miR393 might be an early responsive reaction to regulate auxin signaling under Al treatment. Based on previous studies in Arabidopsis, rice and soybean, Al 3+ stimulation of the activity of the auxin response reporter is due to TAA1-dependent local auxin biosynthesis and auxin polar transport, which result in the localized enhancement of auxin signaling in the root apex TZ , Kopittke et al. 2015 . Our results provided evidence for miR393 as a novel regulator in response to Al treatment, which might also contribute to alteration of the overall auxin signaling output in the root. However, the underlying regulation mechanism of miR393 expression in response to Al stress is still unknown. We observed that the expression of two putative YUC genes, which might be associated with auxin biosynthesis in barley, was up-regulated by Al treatment (Fig. 5D) . In Arabidopsis, it has been established that Al-induced local TAA1 expression and local auxin response in the transition zone depends on ethylene . Whether the repression of miR393 expression upon Al treatment in barley depends on the enhancement of local auxin biosynthesis, or depends on the ethylene-related pathway, need further investigation.
Root elongation inhibition has been demonstrated as a typical symptom after Al treatment. Analysis of the root elongation in miR393 mutants exposed to Al showed that overexpression of miR393 greatly alleviated Al-induced inhibition of root growth, while overexpression of MIM393 enhanced root growth sensitivity to Al (Fig. 4A, B) . These data supported the notion that miR393-induced alteration of auxin sensitivity affects root elongation under Al treatment. Further, we confirmed that auxin enhanced Al-induced root growth inhibition in barley via exogenous NAA application (Fig. 5) , and the expression of auxin-responsive genes such as SAUR and AUX/IAA, GH3 and ARF gene family members was induced after Al treatment, particularly in the root apex (Fig. 5C) , suggesting an interaction between auxin signal and Al stress-induced root growth inhibition. In addition, the effect of exogenous NAA on Al-induced root growth inhibition was attenuated in the miR393 overexpression line (Fig.  6A, B) . Three putative ARF genes and three early auxin-responsive genes exhibited decreased expression levels in 35S::MIR393b either exposed or not exposed to Al for 12 h, and two GH3 genes and one ARF gene displayed elevated expression under both control and Al treatment conditions in the MIM393 line (Fig. 6C) , indicating that miR393 regulates root sensitivity to Al through the alteration of auxin signaling output in barley.
The next question is how might auxin signaling regulate root elongation under Al stress. Horst et al. (2010) highlighted the importance of cell wall properties in the context of Al-induced inhibition of root elongation (Horst et al. 2010) . RNaseq analysis revealed that deficiency in ARF10 and ARF16 in Arabidopsis led to differential expression of a series of genes associated with cell wall modification under Al stress, including pectin methylesterase inhibitor (PMEI), Hyp-rich Glyco-protein (HRGP), xyloglucan endotransglucosylase/hydrolase XTH31 and XTH7 . These genes are involved in regulating cell wall structure or components, thereby affecting Al binding capacity and root cell elongation (Horst et al. 2010 . We found that the transcript levels of two putative HvEXP genes and two HvPMEI genes were up-regulated by overexpression of miR393, suggesting that miR393 might affect root growth through cell expansion and cell wall modification ( Supplementary Fig. S6 ). Also these putative HvEXP and HvPMEI genes (MLOC_12906, MLOC_64368 and MLOC_52174) were significantly downregulated by toxic Al, especially in the MIM393 line, but less in the 35S::MIR393b line ( Supplementary Fig. S7 ). This demonstrates that these cell wall-related genes might act downstream of the miR393/target module to influence root cell elongation under Al stress.
To survive in an Al environment, some plant species or accessions have evolved two major strategies to cope with Al toxicity either to restrict Al uptake or to detoxify internalized Al (Kochian et al. 2015) . The variation in Al tolerance among different barley cultivars has been found to correlate with the amount of citrate secretion from roots, which is mediated by HvAACT1 (Kochian et al. 2015) . The expression level of HvAACT1 is constitutively higher in the Al-tolerant cultivars, and the adaptation of barley to acidic soils is achieved by modification of the HvAACT1 gene through a 1 kb sequence insertion upstream of the coding region (Fujii et al. 2012) . In this study, we found that the miR393 overexpression line accumulated less Al in the root apex than the wild-type (Fig. 4) . However, the transcription level of HvAACT1 in response to Al treatment was decreased in the miR393 overexpression line, and citrate exudation was not altered compared with the wild type (Fig. 8C, D) , indicating that the phenotype in 35S::MIR393b cannot be explained by organic acid exudation. Some previous studies seem to support this assumption. Yang et al. (2014) described that the transcript abundance of ALMT1 and MATE in response to Al exposure was substantially lower in the root of the Arabidopsis mutant arf10/16 than in the wild type, though Al accumulation was decreased in arf10/16. Furthermore, Kobayashi et al. (2013) showed that externally supplied IAA enhanced both ALMT1 and MATE transcription, but did not affect malate exudation, while in the IAA signaling double mutant line arf7/19, the Al-induced expression of ALMT1 remained unaltered (Kobayashi et al. 2013) . Thus, it appears that the interaction between auxin signaling and organic acid anion exudation is complicated and still needs further investigation.
In conclusion, our study functionally characterized a miR393/target module in barley. miR393 expression was down-regulated in response to toxic Al, and overexpression of miR393 enhanced Al resistance by alleviating root elongation inhibition and reducing Al uptake in root cells (Fig. 9) . These data suggest that miR393 acts as an integrator of environmental cues in auxin signaling, and provide a new strategy to improve plant resistance under Al stress.
Materials and Methods
Small RNA isolation and deep sequencing
Seeds of barley (Hordeum vulgare) cultivar Golden Promise were soaked in deionized water overnight at 24 C in the dark and then transferred to nets floating on a 0.1 mM CaCl 2 solution in a plastic container. After growth at 24 C for 5 d in a growth chamber, total RNA from seedlings was isolated using TRIzol (Invitrogen). Small RNA isolation and sequencing was performed at BGI (The Beijing Genomics Institute). The computational identification of potential targets of miR393 was performed by aligning the miRNAs with the high-quality unigene set obtained from the HarvEST database (http://harvest.ucr.edu/) using the web-based psRNA Target Server (http://plantgrn.noble.org/ psRNATarget/) with default parameters of user-submitted option.
Vector construction
The plasmid for miR393 overexpression was generated by cloning a 747 bp genomic fragment of OsMIR393b and a 597 bp fragment of HvMIR393b into a modified version of pCAMBIA1301 harboring the CaMV 35S promoter. The MIM393 construct used to inactivate miR393 was generated according to Bian et al. (2012) . All primers used in this work are listed in Supplementary Table  S3 . The clones used for vector construction were verified by sequencing. The constructs described were electroporated into Agrobacterium tumefaciens strain AGL1, which was used to transform Golden Promise barley plants.
Barley transformation and growing conditions
The transformation was performed through the infection of barley immature embryos with A. tumefaciens followed by the selection of transgenic tissues on medium containing the antibiotic hygromycin (50 mg l -1 ) (Harwood 2014) .
Quantitative RT-PCR
Total RNA was extracted using TRIzol reagent (Invitrogen), and 1 mg was used for first-strand cDNA synthesis using oligo(dT) primers and the Super-Script III RT kit (TAKARA). Real-time PCR was done on the Mastercycler ep realplex 2 system (Eppendorf) with the SYBR PrimeScript RT reagent Kit (Perfect Real Time, TAKARA). The amplification program was: 15 s at 95 C (15 s at 95 C, 20 s at 58 C, 20 s at 72 C) for 40 cycles, followed by a thermal denaturation step. Relative transcript levels were calculated with the ÁÁCt method using the ACTIN gene as a reference. Sequences of primers are listed in Supplementary  Table S3 .
Small RNA analysis
Total RNA was extracted using TRIzol reagent (Invitrogen). For RNA gel blot, 30 mg of total RNA was separated on a 17% polyacrylamide gel containing 7 M urea, blotted to HyBond-N + membranes (Roche) and fixed by UV cross-linking.
Blots were hybridized using a digoxigenin end-labeled locked nucleic acid (LNA) oligonucleotide probe designed against miR393. Alternatively, quantification of mature miR393 levels was carried out through a poly(A)-based real-time PCR approach using a One
Step PrimeScript miRNA cDNA Synthesis Kit (TAKARA), and the miR393 level was standardized with U6. Sequences of the oligonucleotide probe and primers are listed in Supplementary Table S3. RNA ligase-mediated 5 0 -RACE RNA ligase-mediated 5 0 -RACE was performed using the SMART TM RACE cDNA Amplification kit (Promega). The manufacturer's protocol was followed for 5 0 end analysis. In brief, total RNA was isolated from 1-week-old leaf tissues and ligated to a 5 0 end RNA adaptor before being reverse transcribed using an oligo(dT) primer. The PCRs were performed using two pairs of gene-specific reverse primers (Supplementary Table S3 ). The PCR products were gel purified, then cloned into the T-easy vector (Promega) and sequenced.
Barley protoplast transfection
Protoplasts derived from barley leaves were prepared enzymatically according to a previously described method . For subcellular localization, DNA fragments encoding HvTIR1 and HvAFB without the stop codon were amplified by PCR using barley cDNA as template and inserted into pUGW5 . The fusion constructs were transformed into barley protoplast by polyethylene glycol (PEG)-mediated transfection. Protein localization was observed using a Zeiss Leica TCS SP5 confocal microscope.
Treatment and root growth analysis
Barley seeds were sterilized, then incubated on moist filter paper in a growth chamber under a 16 h light/8 h dark period at 24 C for 36 h. The germinating seeds were further grown in plastic jars with 0.1 mM CaCl 2 solution (pH 5.8). To evaluate the auxin resistance, seedlings with a root length of approximately 2 cm were grown hydroponically in 0.1 mM CaCl 2 solution (pH 5.8), supplemented with various concentrations of 2,4-D (0, 50, 300 and 500 nM). Root length was measured at different periods as indicated. At least 15 seedlings were measured in each group.
To measure Al resistance, 2-day-old seedlings were transferred to 1 mM CaCl 2 solution with or without 10 mM AlCl 3 at pH 4.3. The solution was changed every 24 h to maintain its pH value. Root elongation at 72 h was measured with a ruler. Relative root elongation was estimated as: (net root growth in treatment/net growth in control solution)Â100%. Fig. 9 A model depicting the role of the miR393-HvTIR1/AFB module in the regulation of root growth in response to toxicity of Al in barley. miR393 expression is down-regulated by Al stress, which in turn elevates the expression of its target genes HvTIR1/AFB, and stimulates auxin signaling in the root apex (characterized by up-regulation of auxin-responsive genes, such as AUX/IAA, GH3 and ARF), thus leading to inhibition of root elongation. On the other hand, Al stress might promote local auxin biosynthesis (and/or auxin polar transport), which also contributes to the enhancement of the auxin response in the root apex.
Morin staining
More than 15 seedlings with roots about 2 cm long were exposed to 0.1 mM CaCl 2 solution (pH 4.3) with or without 100 mM AlCl 3 for 6 and 12 h. After washing 3-5 times with distilled water, the whole roots were stained in 0.02% morin for 30 min. The green fluorescence signal was observed using a laser scanning confocal microscope (LSM510, Zeiss).
Evans blue staining
After Al treatment, root samples were washed 3-5 times with double-distilled water, immersed in 0.25% Evans blue solution for 10 min and subsequently washed in distilled water to remove excessive dye as described by Baker (1994) . Finally, the root tip was observed using an optical microscope. The ImageJ software was used to calculate cell viability where the percentage of dead cells was represented as: the area with dead cells (dyed cells)/the area of the distal 1 cm of the root tipÂ100%.
GUS staining
Histochemical localization of GUS staining was performed by incubating the rice roots in a solution of 1 mg ml -1 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid (X-Gluc; Sigma), 1 mM potassium ferricyanide, 0.1% Triton X-100, 0.1 M sodium phosphate buffer, pH 7.0, and 10 mM EDTA for 1 h for pDR5::GUS and overnight for pMIR393a::GUS at 37 C, followed by clearing with 75% ethanol. Photos were taken by a Canon SLR camera.
Detection of H 2 O 2 accumulation
After Al treatment, the seedlings were washed with distilled water, immersed in 1 mg ml -1 DAB staining solution in test tubes and kept overnight at room temperature. The seedlings were then transferred on a paper towel saturated with 60% glycerol, and were photographed against a contrast background. H 2 O 2 is visualized as a reddish brown stain formed by the reaction of DAB with the endogenous H 2 O 2 . Measurement of H 2 O 2 content was performed according to a previous report (Du and Gebicki 2004) .
Al content measurement
After Al treatment, the excised roots (10 mm from root tip) were washed three times in H 2 O and then were digested with HNO 3 : HClO 4 (4 : 1, v/v). The Al in the root was determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES; IRIS/AP optical emission spectrometer, Thermo).
Detection of root organic acid exudation
The nutrient solution was collected through a cation-exchange resin column (16 mm Â 14 cm) filled with Amberlite IR-102 B resin (5.0 g, H + form) and followed by an anion-exchange resin column (16 mm Â 14 cm) filled with Dowex 1.8 resin (1.5 g, 100-200 mesh, formate form). Then the anion-exchange resin column was eluted with 15 ml of 2 N HCl, and the washing solution was concentrated at 42 C with a rotary evaporator. The residue was dissolved in 1 ml of Milli-Q water and then filtered (0.2 mm). Finally these organic acid anions were detected by ion chromatography (ICS 3000; Dionex) equipped with an IonPas AS11 anion-exchange analytical column (4 Â 250 mm) and a guard column (4 Â 50 mm).
Supplementary data
Supplementary data are available at PCP online.
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